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ABSTRACT 



We present observations of 36 late-M dwarfs obtained with the Keckll/NIRSPEC 
in the J-band at a resolution of ~ 20,000. We have measured projected rotational 
velocities, absolute radial velocities, and pseudo-equivalent widths of atomic lines. 12 
of our targets did not have previous measurements in the literature. 

For the other 24 targets, we confirm previously reported measurements. We find 
that 13 stars from our sample have v sin i below our measurement threshold (12 km 
s _1 ) whereas four of our targets are fast rotators (v sin i > 30 km s _1 ). As fast rotation 
causes spectral features to be washed out, stars with low projected rotational velocities 
are sought for radial velocity surveys. 

At our intermediate s pectral resolution we h ave confirmed theidentification of neutral 
atomic lines reported in iMcLean et al.l (|20071 ). We also calculated pseudo-equivalent 
widths (p-EW) of 12 atomic lines. Our results confirm that the p-EW of K I lines are 
strongly dependent on spectral types. We observe that the p-EW of Fe I and Mn I 
lines remain fairly constant with later spectral type. We suggest that those lines are 
particularly suitable for deriving metallicities for late-M dwarfs. 
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1. Introduction 



Ra dial velocity studie s of early bright M dwarfs have yielded planets, including a planetary 



syste m (jMarcv et al.l Il999l ) and rocky planets ([Rivera et al,l 120051 ; lUdrv et al.l 120071 : iMavor et al 



2009)- Though M dwarfs present themselves as promising candidates for rocky planet searches in 
the habitable zone, the effort required to measure precise radial velocities are often thwarted by 
their higher projected rotational velocities (v sin i > 30 km s -1 ) and stellar activities. 

Radial velocity measurement precision is limited by stellar rotation. An increase in stellar 
rotation causes narrow deep lines to become broad, shallow, an d blended. Such lines re duce avail- 
able radial velocity information, thereby reduce the precision. iReiners &: Basri I (|2010l ) find that 
approximately 50% of their sample of 63 M dwarfs with spectral types M7-M9.5 show projected 
rotational velocities greater than 10 km s _1 . A comprehensive study of projected rotational veloc- 
ities of early- to mi d-M dwarfs suggests an increasing trend in projected rotational velocity with 



later spectral type (I Jenkins et al. Il2009l ). 



Th e relation between stellar activity and projected rotational ve locity is well established in lit 



erature (Noves et al.lll984l; iDelfosse et al.lll99 



Pizzolato et al 



20031 ) . This relation also holds true 



for stars at the end of the main sequence (jMohantv fc Basrill2003l ). Stellar activity produces stellar 
spots. These spots distort the line profiles of the stellar absorption lines that are critical for radial 
velocity measurement. This distortion leads to a change in the bisectors of the abs orption lines. 



Such lines can impersonate an unseen companion thus resulting in a fa l se de tection (jHenry et al 



2002)). An extensive simulation work on stellar spots by lReiners et al. I (120101 ) suggests that spots 
can cause radial velocity shifts of 100 m s _1 . 

A comprehensive study of stellar activity of M dwarfs (West et al. 2004) indicates that the 
fraction of active stars increases from early-M dwarfs (10%) to late-M dwarfs (75%). Hence, late- 
M dwarfs are likely to be fast rotating and active. With the upcomin g infrared radial velocity 



surveys dedicated to search for planets arou nd M dwarfs, such as HPF (jMahadevan et al. II2010I ) 



and CARMENES (jQuirrenbach et al. Il2010i ). precise measurements of stellar rotation among late- 
M dwarfs becomes crucial. 

Measurement of radial and projected rotational velocities requires a good understanding of 
lines in the stellar atmosphere. Over the last seven years , identification and characterization of 
neutral atomic lines have been done at low ( R ~ 2000) (jCushing et al .1 120051 ) and intermediate 
resolutions (R ~ 20,000) (IMcLean et al.ll2007l ). However, both these studies used a small sample 
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of M dwarfs and calculated pseudo-equivalent width (p-EW) of a few atomic lines. With 36 late 
M dwarfs (M5.0 - M9.5), we have more than doubled the number of objects for which p-EW of 12 
neutral atomic lines have been measured. 

In thi s paper, we verify t he identification of neutral atomic lines using the Vienna Atomic Line 
Database (IKupka et al.l 12000 ) . We calculate rotational and absolute radial velocities (in a compan 



i on pa per, we reported relative radial velocities for stars with multiple observations iRodler et al. 
([2012])), and measure p-EWs of 12 neutral atomic lines. 



The paper is organized as follows: In §2, we describe our sample, compare it with existing 
data, provide our instrumental setup for observations, and data reduction procedure. In §3, we list 
the results of our observations that we analyze and discuss in §4. In §5, we summarize our work 
and provide conclusions. 



2. The Sample, Observations and Data Reduction 
2.1. Sample 



Our sample of targets is listed in Table 1. Furthermore the table also provides 2MASS and 
alternate target names, spectral types (determined in the optical), exposure times, observation 
dates, J-band magnitudes, and reference to spectral types. The J-band mag nitude of the stars var y 
from ~ 7 to 13 mag implying spectrophotometric distances of up to 40 pc (jPhan-Bao et al.ll2008l ). 
Figure 1 shows the distribution of our targets in terms of spectral types. 

Most of our stars were not known to be binaries with the exc eption of LP349- 25 and 2MASS 
J2206-2047. LP349-25 was first recognized as a nearby M dwarf (jGizis et al.ll2002|) but was late r 
revealed as a close binary system with an angular separation of 0.125 ± 0.01" (jForveille et al.ll2005l ). 
2MASS J2206-2047 was also found to be a binary system with an angular separation of 0.168 ± 
0.007" rtciose et allbood ). 



2.2. Observations 



Ou r sample of 36 M dw arfs were observed with the near-infrared echelle spectrograph NIR- 



SPEC (jMclean et al. I Il998f > installed at the Keck II 10-m telescope. NIRSPEC is a cryogenic 



cross-dispersed echelle spectrograph with an ALADDIN-3 InSb 1024x1024, 27 fim detector. Our 
observing program was granted one and half nights for semester 2007A and two nights for semester 
2007B, giving us a total of 3.5 nights of NASA Keck time (see Table 1 with log of observations). Ob- 
serving conditions were good except for the nights of April 30 and October 26, which were affected 
by computer crashes, and for the nights of December 22-23, which were due to bad weather. 



We used the echelle mode with the NIRSPEC-3 (J-band) filter. The echelle angle was fixed at 
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~ 63° with the cross-disperser at ~34°. The entrance slit was set at a width of 0.432" and a length 
of 12". This setup provided a wavelength range of (~ 1. 15 - 1.36 nm) split in to 11 echelle orders 
(to = 66 - 56). For echelle numbering scheme we refer to lMcLean et al.l (|2007l ). Echelle orders 66, 
57, and 56 are heavily contaminated by telluric lines while no atomic lines are observed in orders 
62 and 63. Therefore, for this paper we made use of six echelle orders (m = 65, 64, 61 - 58) which 
cover an effective wavelength ranges of (1.1649 - 1.20011 fim) and (1.24081 - 1.32370 fim). The 
nominal dispersion ranged from 0.167 A at blue wavelengths, to 0.191 A at red wavelengths, and 
the final resolution element s ranged from (0.55 - 0.70 A ) . The resolving power of our spectra ranged 
from (17,800 - 22,700) A (|Zapatero Osorio et alJ[200^ : iLvubchik et alihoOTn . 



The individual exposure times, based on the J-band magnitude of the targets, ranged from 
20 to 300 seconds per co-add. The targets and the telluric standards (spectral type A stars) 
were nodded in the A-B format, where A and B are the target positions along the slit that are 
substantially separated (~ 7"), in order to subtract sky background. Flats were taken frequently 
throughout the observing run. We took spectra of a ThAr lamp immediately after every target to 
ensure accurate wavelength calibration. In order to remove atmospheric telluric lines, featureless 
stars in the near-IR (spectral types A0-A2) were observed close to the target both in time and in 
position of the sky to ensure similar airmass. 



2.3. Data Reduction 



The data reduction procedure in this paper is similar to that provided in (jZapatero Osorio et al 



2006). The bias and dark current subtraction, flat-fielding, wavelength calibration, and telluric 
lines removal am carried out using the echelle package within the Image Reduction and Analysis 
Facility (IRAFp (jTodv et al. Ill993l : iTodv Ill986l ). The flats taken at the same instrumental setup 



are used to flat-field the images. The sky subtraction on the spectra is performed by subtracting 
the two nodded images. The spectra is then wavelength calibrated using the emission lines of 
ThAr lamp. The lines are identified, prior to wavelength calibration using the National Institute of 
Standards and Technology (NIST)P line database. The fits to these lines are made using a third 
order Legendre polynomial along the dispersion axis and second-order perpendicular to it. The 
mean rms for the fit is ~ 0.016 A or 0.38 km/s when calculated from the central wavelength of 12485 
A . The wavelength calibrated spectra is then normalized using the continuum package in IRAF. 
The reduction of telluric standards is performed in an identical manner. Furthermore, a strong 
hydrogen line at 1.282 and few weaker intrinsic stellar lines present in the telluric standard 
are removed manually by fitting the line profile using the task splot in IRAF. The wavelength 
calibrated and normalized target spectra are then divided by the normalized wavelength calibrated 
telluric standard. The output spectra, A-B, is then free of telluric lines. The whole process is 
repeated on the other subtracted nodded image, B-A. In order to increase the signal-to-noise ratio 
(SNR), the spectra of nodded target (i.e A-B and B-A) are combined using the scombine package 
within IRAF. 
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Since FeH and H2O molecular lines are present all over our spectral range, we present an 
approximate SNR values based on photon noise calculations. Using the instrument gain factor and 
normalized photon counts, as exposure times of the targets varied, we compute the SNR for all of 
our targets. These values are listed in column sixth column of Table 2. 

Figure 2 shows a sample of 10 targets that were reduced using the method described above. 
This figure illustrates the spectra of these targets as seen in six orders. For clarity the stellar 
spectra are stacked and separated by a constant value. The vertical axis on the right of each plot 
notes the spectral type. The strong and weak neutral atomic lines are indicated by dotted lines in 
the figure. 



Results 



3.1. Projected Rotational Velocity 

The projected rotational velocities (t? sin i) presented in this paper are measured by cross- 
correlating the spectra of our targets with the spectra of slowly rotating template of similar spectral 
type and observed with the same instrumental config uration. Procedures used to calculate proj ected 



rotational velocities are described in the literature (jTinnev &; Reid Ill998l ; iMohantv fc Basri 



2003; 



White fc Basri 1 120031 ; iBailer-Jones 1 12004 ) . With the assumption that the line profile is primarily 
dominated by rotation, projected rotational velocities are calculated by measuring the width of 
the function obtained from the cross correlation of the target's spectrum with a slowly rotating 
template. 

To calibrate this relationship, we artificially broaden the template spectrum f or a range o f 
velocities (10-50 km s _1 , in steps of 5 km s - 1 and l i mb-d arkening parameter, e = 0.6 ( Claretlll998l ). 
We employ the line rotation profile given by iGrav I (|2005l ) . A spectral order in a velocity broadened 
template is cross correlated with the same order in the original template. A Gaussian is fit to the 
cross correlation function (CCF) and its width is measured. This width is associated to the velocity 
by which the original template was broadened for a given order. The process is repeated for the 
range of velocities and orders. A correlation table between the widths and the velocities is thus 
created. As a final step, the CCF width measured by cross-correlating a target and the original 
template is associated with a projected rotational velocity from the table. The process is repeated 
for all orders. The mean of the associated velocities is taken to be the projected rotational velocity 
of the star. The errors in the measurement are calculated from the standard deviation of the mean. 
In our study we employed six orders. Table 2 lists the v sin i of our targets. Furthermore, Table 
2 also lists the targets by their 2MASS and alternate names, spectral types, literature v sin i, and 
their references. 



Ideally, non-rotating stars should be used. However, all stars rotate and the utilization of 
synthetic spectra is outside the scope of this paper. Hence, we have used templates that have 
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published v sin i values well below the resolution of our spectra, which is estimated to be ~ 12 km 
s _1 . For all our targets for which we find v sin i at or below 12 km s _1 , we report an upper limit. 

As our sample consists of targets with a range of spectral types, there is a possibility of spectral 
mismatch when computing projected rotational velocities with a single template. To see whether 
spectral type and v sin % of the template affect the calculations of projected rotational velocities, we 
considered two slowly rotating stars (GJ406 & v BlO). The reported p rojected rotational velocities 
of these two stars are: v sin i < 2.5 km s _1 ( Delfosse et al.l I1998T ) and v sin i = 6.5 km s _1 



(jMohantv Sz Basrill2003l ). respectively. We measured v sin i of all stars from our sample using these 
two templates. Figure 3 illustrates this effort. The measured v sin i are within each other errors. 
However, we obtain higher measurement precision when the target's spectral type is closer to that 
of a template. Hence we have employed GJ406 (M6.0) as a template to compute v sin i for stars 
with spectral types M5.0 - M6.5 and vBlO (M8.0) for M7.0 - M9.5. 



3.2. Heliocentric Radial Velocity 



Absolute radial velocities are determined by cross correlating the target spectra with the radial 
velocity template spectrum: The telluric-free normalized spectra of each object and vBlO are cross 
correlated using the f xcor package in IRAF. As most target spectra have high SNR, the peak for 
each CCF is narrow and well defined. A gaussian is fit to the CCF peak and the radial velocity is 
determined. 

As our sample spans a wide range of spectral types, we tested the same two templates, GJ406 
and vBlO, as we did in the previous section. GJ406 is known to have a low projected rotational 
and absolute radial velocity. However, vBlO has been extensi yely used in the literature as a radial 



velocity template with a reported velocity of <y 35 km s 1 , (jTinnev fc Reid 



Basri fc Reiner s 



2006; 



1998 



Martin 



1999 



Zapatero Osorio et al.l 120071 ). Unlike GJ406, vBlO is known to flare oc- 



casionally (jLinskv 1 1 19951 ) . However, radial velocity measurements of vBlO over the last 12 years 
have shown no significant variation. vBlO had been suspected of harboring a gas-giant planet 



(Pravdo fc Shak 



ing (IBean et al 



an 



2009 



2010 



Anglada-Escude 



et al. 



Thus we consider GJ406 (T9 .0 km s ; iMohanty fc Basri 



2010 



Zapatero Osorio et al.1 120091) but high precisio n radial velocity monitor 



Rod 



er et al. 2011') have refuted such claim. 



(200 



J) and vBlO (34.37 ± 0.3 km s -1 ; 



Zapatero Osorio et al.1 (120091 )) as radial velocity templates. 



The systematic errors or zero-point shifts that are likely to be present in the wavelength cal- 
ibration of our data affect the measurement of absolute radial velocities. The ob served velocity 
shifts in the telluric lines are ~ ± 10 m s _1 ( Seifahrt. A. and Kaufl. H. U. 2008) which are be - 



low 10 times the velocity precision we can achieve with NIRSPEC (jZapatero Osorio et al.l 120091 ) . 
Therefore, at these precisions, telluric lines appear to be stationary. These lines, present in the 
target spectrum, become excellent calibration tool for measuring instrumental zero-point shifts. We 
cross-correlate the heavily contaminated telluric orders in the target spectrum ( e.g. orders 59 & 
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58) with a synthetic telluric spectrum (jRothman et al. 1120091 ) at the same resolution. The velocity 
shifts between the two spectra give the zero-point. The value is then subtracted from the radial 
velocity of the target. The radial velocities are corrected for barycentric motion. This procedure is 
repeated for each of the 6 orders. After applying the zero-point correction to the measured velocity 
in each order, the mean of radial velocities values is taken as the heliocentric radial velocity for the 
target while the standard deviation of the mean is estimated as the error in determination of radial 
velocities. We find that (Figure 3, left panel) both templates, GJ406 and vBlO, yield measure- 
ments that are within each other errors. Figure 4 (left panel) compares absolute radial velocities of 
targets from our sample with those in the literature. We find that the radial velocity measurement 
precision is better for a target of spectral type that is closer to the template. Therefore, we adopt 
GJ406 (M6.0) as a template for stars with spectral types M5.0 - M6.5 and vBlO (M8.0) for M7.0 - 
M9.5. Table 3 lists absolute radial velocity for our sample. In addition, for completeness, the table 
also lists trigonometric parallaxes and spectrophotometric distances to the stars. Literature radial 
velocities are also listed. 



3.3. Atomic Line Identification and Pseudo-Equivalent Width Measurements 



We employed the Vienna Atomic Line Database (IKupka et al.1 12000) to try to identify new 
lines in the spectra. We set the following stringent criteria to search for new lines: (1) Lines with 
oscillator strengths (log(gf) < -2.0) were excluded to ensure that the most probable transitions are 
chosen; (2) if a line from the spectra is within 0.6 A (minimum separation that can be resolved) 
of a line in the database, then that wavelength value is selected; and (3) we compare the positions 
of all lines in the target spectra with those positions of lin es in the synthetic spectra that have 
been gener ated using the WITA6 program (IPavlenko 1120001) and the N extGen model atmosphere 



structures (jHauschildt et al. Ill999l ) for cool stars (ILvubchik et al. 1120041). F rom this procedure, we 



conclude that new lines other than those identified by 



McLean et al 



(|2Q07I ) were identified. 



If temperatures drop below 4000 K, molecules form in the atmosphere of M dwarfs ([Burrows fc Volobuvev 



20Q3). Unlike atoms, molecules have a large number of energy levels due to their rotational and 
vibrational states. Such energy levels le ad to band structures where numerous individual tran- 
sitions take place (jTennvson et al. 1 120071 ). These individual transition features dominate the M 
dwarf's spectra at infrared wavelengths. This severe blanketing of lines hinders identification of 
the continuum. Therefore, the traditional method of calculating equivalent widths (EW) cannot 
be utilized. Instead, we search for the pseud o-continuum which is formed by molecular absorptions 



(Martin et al. 



1996: 



Pavlenko et al. 



termed p-EWs (jZapatero Osorio et al. Il2002l ). 



19951) . EW measurements at these pseudo-continuum are 



For the determination of the flux envelope or pseudo-continuum, we use the relation a = 
lOOxSNR -1 . Such envelope is dependent on the SNR of the spectra. We term such continuum 
as pseudo-continuum. Once the pseudo-continuum is determined, the pseudo-equivalent width is 
measured by direct integration of the observed line in the spectra. We calculate the uncertainty 
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in p-EW by using the relation giv en by (ICavrel 111988 ) whic h estimates the uncertainty of p-EW 



as a function of spectral quality (jStetson Pancino 



20081) . As the true continuum cannot be 



determined precisely, we obtain a lower limit to the estimated uncertainty in p-EW measurements. 



4.1. 



4. Analysis and Discussion 
Projected Rotational and Absolute Radial Velocities 



We have identified 13 targets in our sample with v sin i below our detection threshold (~ 12 
km s^ 1 ), while four stars (LP44-1627, LP349-25, 2MJ0004-1709, and 2MASSJ1835+3259) show 



velocities greater th an 30 km s 1 . Figure 4 ( right p anel) compares v sin i v al ues of our samp 



Jones et al. 



(2005 


); 


Reiners ( 


2007) 



those in literatur e (IStauffer fc Hartmann I (119861); iMarcv fc Chen I (119921'); iDelfosse et al 



Gizis et al.1 ( 20021 :lMohantv & Basril (120031'): Bailer- Jones d2004f): iFuhrmeister fe Schmitt I (120 041; 



(|2008l 1: iReiners & Basri I (|201d ): 



e with 



1998); 



Jenkins et al. 



( 20091 )) . Our results indicate low residuals for stars with projected rotational velocities below 30 



km s 1 . Though, the three fast rotating stars show larger velocity dispersion their measurements 
are within 3-a of the literature values. 

The mea surement of rotational y elocity of the two components of LP349-25 using NIRPSEC 
and LGS AO (jKonopackv et al. 1120121 ) in conjunction suggests that LP349-25A (M8.0) has a veloc- 
ity of 55 =L 2 km s _1 while the fainter LP349-25B has a velocity of 83 ± 3 km s _1 . Our measurement 
for the combined spectra is closer to the primary than the secondary. As the secondary is faint, the 
projected rotational velocity is dominated by the primary. This is particularly evident in works of 
Reiners et al. I ()2010l ) where, using R ~ 31,000, their measured projected rotational velocity is also 
closer to that of the primary. The same scenario is observed for the case of 2M2206-2047, where 
the projected rotational velocities of the two components, A and B are 19 ± 2.0 km s- 1 and 21 ± 
2.0 km s _1 , respectively. We find the velocity of the combined spectrum to be 22.2 ± 2.0 km s _1 . 
However, as both components are M8.0, their contribution is similar. 



4.2. Neutral Atomic Lines in M dwarfs 



Figure 2 plots a sample of our reduced spectra by NIRSPEC echelle orders with order 65 in 
the upper left panel and order 58 in the lower right panel. Atomic absorption lines are identified by 
dashed lines. Spectral types are lis ted on the right side of each plot. These spectra are similar to 
those shown in lMcLean et al .1 (120071 ). however with larger sample size each panel shows a continuous 
transition from M5.0 to M9.5 in steps of half spectral type. Tables 4-6 list the p-EW of 12 neutral 
lines. 

The K I doublet at 11690 A and the K I triplet 11771 A in order 65 (Figure 2, top left panel) 
show increasing line width with later spectral type. By M9.5 the width of the K I triplet increases 
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to the extent that it blends into a single line. The widenin g of lines is induced by collisional 
broadening with H2 molecules in the atmospheres of M dwarfs (jMcLean et al,l 120071 ). We also find 
that the K I lines in order 61 have a similar trend like those in order 65. These results shown in 



Figure 5 agree with the trend found by iMcLean et al.l (|2007l ) , and ICushing et al.l (|2005l ) . A weak 
Fe I line in order 65 is observed at longer wavelengths. This line weakens with later spectral type 
and by M9.5 it is almost indiscernible. 



The modeled spectra of late M dwarfs by iLvubchik et al. I (|2004l ) and iRice et al. I (|2010i ) 



indicate a presence of weaker Fe I and Ti I lines in order 65. We identified their positions, but 
found them to be heavily blended and hence are not clearly distinguishable in our spectra. Better 
spectral resolution is required in order to distinguish these lines. 

The Fe I lines (doublet 11886 A , 11887 A and a singlet 11976 A ) dominate order 64 (Figure 
2, top right panel). At M5.0, Fe I lines are seen as narrow sharp absorption lines. However, with 
later spectral type, the Fe I line at shorter wavelengt h broadens and blends with surrounding lines. 
Our results agree with those in ICushing et al.l (|2005l ) within the errors. A quantitative comparison 
is discussed in the next section. 

Order 64 also contains the Mg I line at 11828 A and Ti I line at 11893 A. Both lines are 
weak and weaken with later spectral type. The Ti I line disappears around M9 while the Mg I line 
becomes indistinguishable around M8.5. The Mn I line (12899 A) in order 59 (Figure 2, bottom 
left panel) maintains its strength with later spectral type while the two Ti I lines are observed 
to weaken with later spectral types. As seen in the figure, the Mn I line maintains its sharp and 
narrow feature with later spectral type. 

The two Al I lines (13127 A , 13150 A) in order 58 (Fi gure 2, bottom right panel) weaken with 
later spectral types. The Na I line at 12682 A (Figure 2, middle right panel) also shows a decline 
in strength with later spectral type. By M8.5 the Na I is completely indistinguishable. 



4.3. Pseudo-Equivalent Widths 



As a trend of increasing width with later spectral type is qualitatively observed in the neutral 
atomic lines in Figure 2, a quantitative comparison is desired. We calculate the p-EWs of neutral 
atomic lines shown in Figure 2. Figures 5-7 plot the computed p-EWs for our targets with respect 
to the spectral types. 



Comparing our data (open circles) with those from ICushing et al.l (|2005l ) in figures 5 and 6, 
we see that Cushing and colleagues' values (fi lled diamonds) are within our expected errors. For 
clarity, in figures 5 and 6. ICushing et al.l (120051') y a lues h ave been shifted to the right by 0.1 spectral 
types. However, p-E W values by IMcLean et al.l (|2007l ) for two late M dwarfs do not match with 
ours or with those of ICushing et al.l (|2005l ). These values are not plotted as they are well beyond 
the range of the plot. 
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In each panel of Figures 5-7, a linear regression fit to the data is shown as a short-dash line. The 
linear relation including its y-offset and slope are listed in Table 7 for the 12 neutral atomic lines. 
These relations quantitatively illustrate the variation of each atomic line with respect to spectral 
type. The top two panels of Figure 5 show an increasing trend of p-E Ws with later spectra l type 
for K I lines. Figure 5 compares p-EW of our sample with those from ([(Pushing et al.ll2005l ). We 
find that our p-EW measurements agree with theirs. 

The p-EW calculations of Fe I lines in figure 6 top panel suggests small variation with spectral 
type. However, the Al I line shows a decreasing trend. Mn I line along with two Ti I lines, are 
observed in Order 59. As seen in Figure 2, the Mn I line maintains its narrow shar p featu re with 
later spectral type. This line has been studied in greater detail by iLvubchik et al.l (|2007l ). They 
model the Mn I line in five ultracool dwarfs ranging from M6 to LO. Using the WITA6 program 
(jPavlenko 1 120001 ) for the NextGen model structure they have been able to fit the Mn I line, and 
their p-EW calculations carried out using the DECH20 package (jGalazutdinov I Il992l ) on three 
dwarfs between M6 and M9 indicate a variation of 2 mA. Our results confirm that the Mn I line is 
not sensitive to variation in spectral type. 



5. Final Remarks 

We have observed 36 M dwarfs with the NIRSPEC instrument in the J-band at a resolution 
of ~ 20,000. We have measured projected rotational velocities of these stars. Never previously 
reported absolute radial and projected rotational velocities of 12 targets are provided. For other 
targets, we confirm previously reported velocity measurements. We find that 13 stars from our 
sample have v sin i below our measurement threshold (12 km s" 1 ) whereas four of our targets are 
fast rotators (v sin i > 30 km s" 1 ). As fast rotation causes spectral features to be washed out, 
stars with low projected rotational velocities are sought for radial velocity surveys. 

At our intermediate spectral resolution w e have confirmed and the identification of neutral 



atomic lines reported in iMcLean et al.l (|2007l ). We also calculated pseudo-equivalent widths (p- 
EW) of 12 strong and weak neutral atomic lines. Our results confirm that the p-EW of K I lines 
are strongly dependent on spectral types. We observe that the p-EW of Fe I and Mn I lines remain 
fairly constant with later spectral type. 

The absolute radial velocities and projected rotational velocities of our targets were calculated 
using GJ406 and vBlO as reference. Our results agree well with those in the literature for the stars 
in common. 
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Table 1. Keck/NIRSPEC Observing Log 



Object 


Alt. Name 


Sp. Type 


Texp (sec.) 


Obs 


. Date 


J (mag.) 


SpT. Ref. 


2MASS J00045753- 1709369 


- 


M5. 


5 


100 


2007 


Jun. 


2 1 


10.99 


(1) 






M5. 


5 


100 


2007 


Jun. 


25 










M5 


5 


300 


2007 


Oct. 


26 






2MASS J00064325-0732147 


GJ1002 


M5 


5 


70 


2007 


Jun. 


25 


8.32 


(2) 


2MASS J00130931-0025521 


- 


M6. 





200 


2007 


Jun. 


25 


12.17 


(3) 


2MASS J00275592+2219328 


LP349-25 


M8 





120 


2007 


Jun. 


2 1 


10.61 


(4) 






M8. 





120 


2007 


Jun. 


25 










M8. 





300 


2007 


Oct. 


26 






2MASS J01095117-0343264 


LP647-13 


M9. 





300 


2007 


Oct. 


26 


11.69 


(5) 






M9 





300 


2007 


Oct. 


27 






2MASS J01400263+2701505 


- 


M8. 


5 


300 


2007 


Oct. 


26 


12.49 


(6) 


2MASS J02141251-0357434 


LHS1363 


M6. 


5 


300 


2007 


Oct. 


27 


10.48 


(7) 






M6 


5 


300 


2007 


Oct. 


27 






2MASS J02532028+2713332 


- 


M8. 





300 


2007 


Oct. 


26 


12.50 


(6) 


2MASS J03205965+1854233 


LP412-31 


M8. 





300 


2007 


Oct. 


26 


11.76 


(8) 






M8 





300 


2007 


Oct. 


27 






2MASS J03505737+ 1818069 


LP413-53 


M9 





300 


2007 


Oct. 


26 


12.97 


(6) 






M9. 





300 


2007 


Oct. 


27 






2MASS J03510004-0052452 


LHS1604 


M8. 





300 


2007 


Oct. 


26 


11.30 


(4) 


2MASS J03542008-1437388 


- 


M6 


5 


300 


2007 


Oct. 


27 


11.34 


(9) 


2MASS J04173745-0800007 


- 


M7. 


5 


300 


2007 


Oct. 


26 


12.18 


(10) 


2MASS J04351612-1606574 


LP775-31 


M7 





300 


2007 


Oct. 


27 


10.41 


(4) 


2MASS J04402325-0530082 


LP655-48 


M7 





300 


2007 


Oct. 


26 


10.66 


(4) 


2MASS J04433761+0002051 


- 


M9. 





300 


2007 


Oct. 


26 


12.51 


(10) 


2MASS J05173766-3349027 


- 


M8. 





250 


2007 


Oct. 


27 


12.00 


(10) 


2MASS J07410681+ 1738459 


LHS1937 


M7. 





300 


2007 


Oct. 


27 


12.01 


(11) 


2MASS J10562886+0700527 


GJ406 


M6. 





120 


2007 


Apr. 


30 


7.09 


(12) 






M6. 





30 


2007 


Dec. 


22 










M6 





30 


2007 


Dec. 


23 






2MASS J12185939+1107338 


GJ1156 


M5. 





120 


2007 


Apr. 


30 


8.52 


(12) 






M5. 





300 


2007 


Dec. 


22 






2MASS J12531240+4034038 


LHS2645 


M7. 


5 


300 


2007 


Apr. 


30 


12.19 


(13) 


2MASS J14563831-2809473 


LHS3003 


M7. 





200 


2007 


Apr. 


30 


9.97 


(8) 


2MASS J15460540+3749458 




M7. 


5 


300 


2007 


Apr. 


30 


12.44 


(4) 






M7. 


5 


300 


2007 


Jun. 


21 






2MASS J15524460-2623134 


LP860-41 


M6 





300 


2007 


Apr. 


30 


10.26 


(1) 


2MASS J16142520-0251009 


LP624-54 


M5. 





200 


2007 


Apr. 


30 


11.30 


(14) 






M5. 





200 


2007 


Jun. 


25 






2MASS J1733189+463359 




M9, 


5 


300 


2007 


Jun. 


24 


13.24 




2MASS J17571539+7042011 


LP44-162 


M7. 


5 


120 


2007 


Jun. 


24 


11.45 


(13) 






M7. 


5 


250 


2007 


Jun. 


25 






2MASS J18353790+3259545 




M8. 


5 


120 


2007 


Jun. 


24 


10.27 


(15) 






M8. 


5 


120 


2007 


Jun. 


25 






2MASS J18432213+4040209 


LHS3406 


M8. 





300 


2007 


Jun. 


24 


11.30 


(4) 






M8. 





300 


2007 


Jun. 


25 






2MASS J19165762+0509021 


vBlO 


MS 





120 


2007 


Jun. 


25 


9.91 


(13) 
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Table 1 — Continued 



Object 


Alt. Name 


Sp. Type 


Texp (sec.) 


Obs 


. Date 


J (mag.) 


SpT. Ref. 


2MASS J22062280-2047058 




M8.0 


300 


2007 


Jun. 


24 


12.37 


(16) 






M8.0 


300 


2007 


Jun. 


25 






2MASS J22081254+1036420 


RXJ2208.2 


M5.0 


120 


2007 


Jun. 


24 


10.60 


(17) 






M5.0 


120 


2007 


Jun. 


25 






2MASS J23312174-2749500 




M7.0 


200 


2007 


Jun. 


24 


11.65 


(18) 






M7.0 


200 


2007 


Jun. 


25 






2MASS J23334057-2133526 


LHS3970 


M5.0 


200 


2007 


Jun. 


21 


10.26 


(1) 






M5.0 


200 


2007 


Jun. 


25 






2MASS J23415498+4410407 


GJ905 


M6.0 


20 


2007 


Jun. 


25 


6.88 


(12) 






M6.0 


120 


2007 


Oct. 


27 




(13) 


2MASS J23494899+1224386 


LP523-55 


M8.0 


300 


2007 


Oct. 


27 


12.60 


(4) 



References. — (1) Crifo et al. 2005; (2) Lcggett 1992; (3) West et al. 2008; (4) Gizis et al. 2000; (5) Cruz & Reid 
2002; (6) Allen et al. 2007 (7) Reid et al. 2002; (8) Kirkpatrick et al. 1995; (9) Caballero 2007; (10) Schmidt et al. 
2007; (11) Gizis & Reid 1997; (12) Basri 2001; (13) Kirkpatrick, D. et al. 1991; (14) Phan Bao, N. et al., 2006; (15) 
Reid, I. et al. 2003; (16) Cruz et al. 2003; (17) Zickgraf et al. 2005; (18) Reiners, A., & Basri, G. 2009 
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Table 2. Rotational Velocity and SNR 



Object 


Alt. Name Sp. Type v 


sin i (km sec ) 


Lit. v sin i (km sec 


1 ) SNR Ref 


2MASS J12185939+1107338 


GJ1156 


M5 


17.4 ± 3.U 


1 *7 
1 t 


9^7 
zo i 


(a \ 


2MASS J16142520-0251009 


LP624-54 


M5 


<12 




•JO 




2MASS J22081254+1036420RXJ2208.2 


M5.0 


1 q a _l_ o n 
lo.O ± z.U 




120 




2MASS J23334057-2133526 


LHS3970 


M5.0 


<12 




90 




2MASS J00045753- 1709369 


- 


M5 5 


in q _l_ o n 
0U.0 ± z.U 




( (l 




2MASS J00064325-0732147 


GJ1002 


M5 5 


<12 


. n 

o 


97^ 
z / o 


(a \ 


2MASS J00130931-0025521 


- 


M6.0 


17 j i on 
1 ( .4 ± O.U 




13 




2MASS J15524460-2623134 


LP860-41 


M6.0 


16.1 i 3.0 




83 




2MASS J23415498+4410407 


GJ905 


M6 


< 12 


1 o 
\ L.Z 


OU 


(hi 


2MASS J02141251-0357434 


LHS1363 


M6 5 


<12 




xuo 




2MASS J03542008-1437388 


- 


M6.5 


QO o _L o n 
2o.2 ± 2.U 




69 




2MASS J10562886+0700527 


GJ406 


M6.5 


template 


o 


399 


(hi 


zMAba J04351612-1606574 


LF775-31 


M7 n 


in 1 1 o n 

± o.U 




104 




2MASS J04402325-0530082 


LP655-48 


M7.0 


1(1 f; I on 


i o _l_ o n 
ID.i ± z.U 


103 


(ri 


2MASS J07410681+1738459 


LHS1937 


M7.0 


1 o n -l_ q n 
lo.U ± o.U 


1 n n_l_ o n 
1U.U± Z.U 


52 


(c) 


2MASS J14563831-2809473 


LHS3003 


M7.0 


/in 

<12 


k n _l_ o n 
O.U ± z.U 


108 


(c) 


2MASS J23312174-2749500 




M7.0 


<12 


n n _l- o n 
y.U ± z.U 


62 


(c) 


2MASS J04173745-0800007 




M7.5 


<12 


7.0 ± 2.0 


45 


(c) 


2MASS J12531240+4034038 


LHS2645 


M7.5 


<12 


8.0 ± 2.0 


12 


(c) 


2MASS J15460540+3749458 




M7.5 


<12 


10.0 ± 2.0 


35 


(c) 


2MASS J17571539+7042011 


LP44-162 


M7.5 


39.2 ± 5.0 


33.0 ± 3.0 


60 


(c) 


2MASS J00275592+2219328 


LP349-25 


M8.0 


48.1 ± 6.0 


56.0 ± 6.0 


104 


(c) 


2MASS J02532028+2713332 




M8.0 


17.5 ± 2.0 




15 




2MASS J03205965+1854233 


LP412-31 


M8.0 


14.6 ± 3.0 


15 ± 4.5 


65 


(c) 


2MASS J03510004-0052452 


LHS1604 


M8.0 


<12 


6.5 ± 2.0 


78 


(c) 


2MASS J05173766-3349027 




M8.0 


<12 


8.0 ± 2.0 


18 


(c) 


2MASS J18432213+4040209 


LHS3406 


M8.0 


<12 


5.0 ± 3.0 


73 


(c) 


2MASS J19165762+0509021 


vBlO 


M8.0 


template 




80 




2MASS J22062280-2047058 




M8.0 


22.2 ± 2.0 


24 ± 2.0 


11 


(c) 


2MASS J23494899+1224386 


LP523-55 


M8.0 


<12 


4 ± 2.0 


29 


(c) 


2MASS J01400263+2701505 




M8.5 


<12 


11 


13 


(d) 


2MASS J18353790+3259545 




M8.5 


37.6 ± 5.0 


44.0 ± 4.0 


119 


(c) 


2MASS J01095117-0343264 


LP647-13 


M9.0 


<12 


13 ± 2.0 


50 


(c) 


2MASS J03505737+1818069 


LP413-53 


M9.0 


12.2 ± 3.0 




34 




2MASS J04433761+0002051 




M9.0 


13.1 ± 2.0 


13.5 ± 2.0 


12 


(c) 


2MASS J1733189+463359 




M9.5 


18.2 ± 3.0 




29 





Relerences. — v sin i values from literature: (a) Mohanty & Basri (2003); (b) Delfosse et al. (1998); 
(c) Reiners & Basri, (2010); (d) Rice ct al. (2010) 



Table 3. Radial Velocity (RV), Trigonometric Parallax, and Photometric Distances 



Uu-ject 


Alt . iN ame 


bp. lype 


T}\/" firm /n\ 

rtv (^km/sj 


ijit.rCV ^Km/sJ 


Trig. Para, (arcsec) 


Spcctrophoto. (pc) 


rvci. 


2MASS J12185939+1107338 


GJ1156 


M5.0 


7.7 ± 1.4 


5.86 


0.1529 ± 0.0030 




1 . a 


2MASS J16142520-0251009 


LP624-54 


M5.0 


12.8 ± 1.2 






14.60 


2 


2MASS J22081254+1036420 


RXJ2208.2 


M5.0 


-21. 0± 1.3 






44.00 


3 


2MASS J23334057-2133526 


LHS3970 


M5.0 


27.9 ± 1.2 






24.10 


4 


2MASS J00045753-1709369 




M5.5 


3.2 ± 3.8 






15.9 


i 


2MASS J00064325-0732147 


GJ1002 


M5.5 


-33. 7± 3.8 


-35.7 ± 5.5 


0.2130 ± 0.0036 




1 b 


2MASS J00130931-0025521 




M6.0 


19.9 ± 2.3 






26.3 


1 


2MASS J15524460-2623134 


LP860-41 


M6.0 


12.0 ± 1.6 






9.80 


2 


2MASS J23415498+4410407 


GJ905 


M6.0 


-75. 2± 3.7 


-81 


0.3160 ± 0.0011 




l.c 


2MASS J02141251-0357434 


LHS1363 


M6.5 


-15. 6± 1.7 






14.20 ± 1.50 


5 


2MASS J03542008-1437388 




M6.5 


9.9 ± 2.0 










2MASS J10562886+0700527 


GJ406 


M6.0 


template 1.5 


19 


0.4191 ± 0.0020 




l.d 


2MASS J04351612-1606574 


LP775-31 


M7.0 


48.5 ± 1.4 


52.5 




11.30 ± 1.30 


5,c 


2MASS J04402325-0530082 


LP655-48 


M7.0 


31.1 ± 1.4 


27.5 




9.80 


6,c 


2MASS J07410681+1738459 


LHS1937 


M7.0 


41.8 ± 1.2 


38.6 




17.90 ± 2.10 


7.c 


2MASS J14563831-2809473 


LHS3003 


M7.0 


1.0 ± 1.5 


0.9 


0.1563 ± 0.0030 




l.c 


2MASS J23312174-2749500 




M7.0 


-3.0 ± 1.5 






15.1 


■1 


2MASS J04173745-0800007 




M7.5 


40.6 ± 1.4 


38.4 




17.40 ± 1.70 


7.c 


2MASS J12531240+4034038 


LHS2645 


M7.5 


4.3 ± 1.7 


3.6 




17.50 ± 1.70 


7.c 


2MASS J15460540+3749458 




M7.5 


-22.1 ± 2.5 


-24.9 




19.70 ± 1.90 


7.c 


2MASS J17571539+7042011 


LP44-162 


M7.5 


-15.3 ± 2.8 


-13.5 




12.50 ± 1.20 


7.c 


2MASS J00275592+2219328 


LP349-25 


M8.0 


-15.8 ± 1.9 


-16.8 




10.30 ± 1.70 


7.c 


2MASS J02532028+2713332 




M8.0 


49.0 ± 1.5 






18.5 


8 


2MASS J03205965+1854233 


LP412-31 


M8.0 


46.4 ± 1.3 


44.9 


0.0689 ± 0.0006 




l.c 


2MASS J03510004-0052452 


LHS1604 


M8.0 


-11.9 ± 2.0 


-14.7 


0.0681 ± 0.0089 




6.c 


2MASS J05173766-3349027 




M8.0 


29.4 ± 2.8 


31.4 


16.4 




h.c 


2MASS J18432213+4040209 


LHS3406 


M8.0 


-19.3 ± 2.0 


-22.3 




14.14 ± 0.16 


9.c 


2MASS J19165762+0509021 


vBlO 


M8.0 


template 


template 


0.17 




4 


2MASS J22062280-2047058 




M8.0 


10.8 ± 1.6 


9.8 




18.2 


l.c 


2MASS J23494899+1224386 


LP523-55 


M8.0 


-3.7 ± 1.9 


-3.5 




10.90 ± 0.60 


5.c 


2MASS J01400263+2701505 




M8.5 


12.6 ± 2.0 


8.6 




17.3 


8,e 


2MASS J18353790+3259545 




M8.5 


8.4 ± 2.0 


8.5 






7.c 


2MASS J01095117-0343264 


LP647-13 


M9.0 


-6.3 ± 1.8 


-6.5 




10.50 


5 


2MASS J03505737+1818069 


LP413-53 


M9.0 


32.2 ± 1.8 






20.30 ± 3.30 


5 


2MASS J04433761+0002051 




M9.0 


21.9 ± 2.3 


17.1 




16.20 ± 2.10 


7.c 



Table 3 — Continued 



Object Alt. Name 


Sp. Type 


RV (km/s) Lit.RV (km/s) 


Trig. Para, (arcsec) Spectrophoto. (pc) Ref. 


2MASS J1733189+463359 


M9.5 


-9.0 ± 3.0 


21.0 ± 1.30 7 



References. — RV reference-: (a) Morin et al. 2010; (b) Tinney ct al. (1998); (c) Reiners et al. 2009; (d) Martin et al. (1997); (e) Rice ct al. 
(2010). References in column 6 & 7 are as follows: Trig, parallaxes and photometric distances: (1) chara.gsu.edu; (2) Phan Bao et 
al. (2008); (3) Zickgraf et al. (2005); (4) Crifo ct al.(2005); (5) Cruz & Reid (2002); (6) Phan Bao et al. (2003); (7) Cruz et al. (2007); (8) Allen 
ct al. (2007) 
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Table 4. Pseudo-Equivalent Widths of K I lines 



Object Alt.Name Sp. Type 11690 A 11771 A 12435 A 12522 A 



9M A SS T1 91 StQ'^Q-I-I 1 07^8 


mi 1 56 


M5 


Q 


1 


98 


-|- 


Q 


15 


2 


82 


-4- 


o 


10 


4 


45 




o 


06 


4 


69 




0.08 


2M ASS 122081 2^4+1 036420 


T>x 122118 2 


M5. 


o 




76 


± 


o 


08 


9 


30 


-4- 


o 


.18 


4 


20 


± 





13 


4 


32 




0.13 


9M ASS 193^40^7 91 '3^96 

Z IV J. iT O O O ZOvJOrtUiJ 1 ZJ_iJOiJZVJ 


1 HS3Q70 


M5 


o 


4 


97 




o 


08 


3 


08 


-|- 


o 


10 


4 


56 


-£ 


Q 


07 


4 


65 




0.07 


9M ASS 11 fil 49^90 09t100Q 

Z IV J. iT O O J J. U J. rt Z U Z \J UiiiJlUUC' 


T,Pfi94 ^4 


M5 


Q 


9 


68 


-|- 


Q 


13 


4 


25 


-4- 


o 


15 


4 


90 


-j- 


o 


44 


9 


.17 


-£ 


0.12 


9A/T A SS 10004^7^ 1 70Q*3fiQ 




M5 


o 


2 




4- 


n 
u 


1 ,: t 


Q 
9 


l 1 


EE 


n 
u 


1 r t 


4 


1 

9 1 


4- 


n 
u 


42 


9 


f)7 
U 1 


4- 


12 


9M ASS 1000(^4^9^ 07 ,: i9147 

ZlvliTO Ov) UUUU lOi J U 1 OZ J_-± / 


a n 009 


M5 


5 


9 


25 


-J- 


Q 


16 


3 


26 


-j- 


Q 


44 


4 


95 


-£ 


Q 


08 


9 


09 




0.32 


9M ASS 19341 ^408-1-441 0407 


n iqo^ 


M6 


Q 


2 


53 


-J- 


Q 


18 


3 


44 


-j- 


o 


44 


4 


82 


-£ 


o 


07 


4 


92 


-£ 


0.09 


9M ASS 11 ^94460 9f\9^ 34 

ilVi.iT.00 J J.UUZ't'iUU ZUZO J_Ort 


TiPRfiO 41 


M6 


Q 


3 


00 


-£ 


Q 


05 


4 


77 


-£ 


o 


43 


2 


44 


-j- 


o 


05 


9 


91 


-£ 


0.05 


9M ASS 1001 ^00^1 009^91 

ZilVJ.iT.00 O \J\J A-iJ\JiJO J. Uu ZrUiJ.ii ± 




M6 


Q 


9 


50 




Q 


09 


3 


68 


-j- 


o 


43 


2 


15 


-£ 


Q 


08 


9 


19 




0.08 


2M A RS 11 05628864-0700527 

ZlVJ.iT.OOJ lUuUiOOUT" ' Wu^ i 


GJ406 


M6 


o 


3 


01 


± 


o 


05 


4 


81 


± 


o 


08 


2 


41 


± 





12 


9 


89 




0.06 


9M ASS 1091 41 9t1 03t7434 

ZlVJ.iTOO O VJZ ±^1 J_ZiJ J. IJOiJ 1 rtOrt 


T tfQI 363 


M6 


5 




44 


-£ 


Q 


10 


4 


34 




o 


44 


2 


32 




o 


08 


9 


57 




0.07 


2MASS 103542008-1 437388 

Z IV J-iTOO O UO'JrtiiUuU J. i iJUU 




M6. 


5 


3 


10 


-J- 


o 


.16 


5 


.46 


± 


o 


44 


2 


37 


± 





44 


3 


24 




0.33 


9M ASS 1043^1 fil 9 1fiOR c i74 

ZlVJ.iTOO O yj'-tOU J.U J.Z J_U>_"JiJ 1 rt 


1^77^1 31 


M7. 


o 


.4 


18 




Q 


16 


g 


66 




o 


39 


3 


62 




Q 


28 


4 


34 




0.31 


2MASSJ04402325-0530082 


LP655-48 


M7. 





4 


.36 


± 





.19 


6 


75 


± 





.23 


3 


.35 


± 





17 


3 


99 


± 


0.18 


2MASSJ14563831-2809473 


LHS3003 


M7. 





4 


.19 


± 





.31 


6 


.40 


± 





.20 


3 


.32 


± 





15 


3 


.97 


± 


0.16 


2MASSJ07410681+1738459 


LHS1937 


M7. 





4 


15 


± 





.33 


6 


.40 


± 





.20 


3 


.40 


± 





29 


3 


.49 


± 


0.16 


2MASSJ23312174-2749500 




M7. 





4 


.34 


± 





.27 


7 


.12 


± 





22 


3 


.64 


± 





21 


5 


.02 


± 


0.25 


2MASSJ17571539+7042011 


LP44-162 


M7. 


5 


4 


.21 


± 





.31 


6 


.29 


± 





.37 


3 


.45 


± 





27 


3 


73 


± 


0.30 


2MASSJ12531240+4034038 


LHS2645 


M7. 


5 


4 


15 


± 





.27 


5 


.68 


± 





.37 


3 


.28 


± 





24 


3 


31 


± 


0.28 


2MASSJ15460540+3749458 




M7. 


5 


1 


.34 


± 





.43 


6 


.02 


± 





18 


3 


.34 


± 





3,9 


3 


.43 


± 


0.42 


2MASSJ04173745-0800007 




M7. 


5 


4 


.42 


± 





.12 


6 


.78 


± 





.41 


3 


.61 


± 





22 


4 


16 


± 


0.38 


2MASSJ19165762+0509021 


vBlO 


M8. 





5 


.05 


± 





.63 


7 


.09 


± 





.48 


3 


.58 


± 





24 


4 


37 


± 


0.32 


2MASSJ23494899+1224386 


LP523-55 


M8. 





5 


.08 


± 





.28 


7 


.06 


± 





.25 


3 


.83 


± 





18 


4 


.20 


± 


0.39 


2MASSJ03205965+1854233 


LP412-31 


M8. 





5 


.30 


± 





17 


7 


.64 


± 





.19 


3 


.88 


± 





20 


5 


.10 


± 


0.15 


2MASSJ00275592+2219328 


LP349-25 


M8. 





4 


.43 


± 





17 


6 


.12 


± 





.29 


3 


.36 


± 





13 


3 


.58 


± 


0.14 


2MASSJ18432213+4040209 


LHS3406 


M8. 





4 


.44 


± 





.34 


6 


.21 


± 





.14 


3 


.39 


± 





31 


3 


.69 


± 


0.58 


2MASSJ03510004-0052452 


LHS1604 


M8. 





4 


.43 


± 





.34 


6 


.04 


± 





.31 


3 


.21 


± 





29 


3 


.38 


± 


0.32 


2MASSJ05173766-3349027 




M8. 





5 


07 


± 





.26 


7 


.26 


± 





.34 


3 


.63 


± 





23 


5 


.27 


± 


0.24 


2MASSJ22062280-2047058 




M8. 





5 


.01 


± 





.19 


7 


.12 


± 





.22 


3 


.63 


± 





17 


1 


.67 


± 


0.18 


2MASSJ02532028+2713332 




M8. 





5 


07 


± 





4.5 


7 


,44 


± 





.30 


3 


7.3 


± 





22 


4 


.59 


± 


0.23 


2MASSJ18353790+3259545 




M8. 


5 


5 


.49 


± 





.24 


7 


.94 


± 





.20 


4 


.06 


± 





19 


5 


05 


± 


0.17 


2MASSJ01400263+2701505 




M8. 


5 


5 


.97 


± 





.41 


7 


.06 


± 





.32 


4 


.45 


± 





31 


4 


.88 


± 


0.48 


2MASSJ01095117-0343264 


LP647-13 


M9. 





5 


.96 


± 





.30 


7 


.61 


± 





17 


3 


.65 


± 





36 


4 


.54 


± 


0.34 


2MASSJ03505737+1818069 


LP413-53 


M9. 





5 


.83 


± 





.37 


6 


.58 


± 





.38 


3 


.94 


± 





25 


3 


.97 


± 


0.25 


2MASSJ04433761+0002051 




M9. 





5 


.90 


± 





.58 


6 


.09 


± 





.59 


3 


.61 


± 





17 


3 


.50 


± 


0.48 


2MASSJ1733189+463359 




M9. 


5 


6 


17 


± 





18 


7 


.67 


± 





.53 


1 


.42 


± 





41 


4 


.91 


± 


0.44 
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Table 5. Pseudo-Equivalent Widths of Fe I & Na I 



Object Alt.Name Sp. Type 11786 A 11886 A 11976 A 12682 A 



9M A SS T1 91 SW^Q-J-I 1 07^8 


mn 56 


M5 


Q 


Q 


29 




01 


I 


24 


4_- 


g 


05 


2 


01 




o 


05 


o 


52 




0.01 


2M ASS 122081 2^4+1 036420 


T>x 122118 2 

± tiVJ z z uo - z 


M5 


o 


o 


26 


± 


0.02 


I 


31 


± 


o 


09 


2 


10 


± 


o 


09 


o 


52 




0.02 


9M A SS 193^40^7 91 '3^96 

Z IV J. iT O O O ZOvJOrtUiJ 1 ZJ_iJOiJZVJ 


1 HS3Q70 


M5 


o 


o 


23 




0.02 


2 


15 


-£ 


g 


05 


2 


17 


-£ 


g 


05 


g 


51 




0.04 


9M ASS 11 fll 49^90 09^1000 

Z IV J. iT O O J J. U J. rt Z U Z \J <J Z O J. U \J U 


T,Pfi94 ^4 

JLjjr vJZ'i ijl 


M5 


Q 


Q 


25 


-|- 


0.04 


I 


21 


-£ 


g 


10 


2 


27 


-j- 


o 


09 


o 


(] ■? 


-£ 


0.03 


9A/T A SS 10004 c 17t'} 1 70Q*3fiQ 




M5 


o 


n 
u 




4- 


01 


2 


9 2 


4- 
EE 


n 
u 


fix 


2 


no 


4- 
EE 


n 
u 




o 


in 


4- 
-E 




9M ASS 1000(^4^9^ 07 ,: i9147 

ZlvliTO 0-..J UUUU lOi J U 1 OZ 1 


n n 009 


M5 


5 


o 


29 




0.01 


2 


22 


-j- 


Q 


20 


2 


09 


-£ 


Q 


19 


o 


66 




0.03 


9M ASS 19^41 ^408-1-441 0407 


n iqo^ 


M6 


Q 


Q 


18 


-|- 


0.01 




77 


-£ 


Q 


04 


o 


95 


-£ 


o 


05 


o 


73 




0.02 


9M ASS 11 ^94460 9fi9' : i1 ^4 

ilVi.iT.00 J IJiJiirt'iUU iUi0104 


l,P8fiO 41 


M6 


Q 


Q 


25 


-|- 


0.03 


I 


03 


-j- 


Q 


03 


2 


26 


-£ 


o 


03 


o 


65 




0.03 


9M ASS 1001 30Q31 009^91 

ZilVJ.iT.00 O \J\J A-iJ\JiJO J. Uu ZUiJZ ± 




M6 


Q 


Q 


26 


-j- 


0.03 


2 


23 


-j- 


Q 


03 


2 


12 


-£ 


Q 


03 


g 


29 




0.01 


9M ASS 11 0Tfi9KSfi-l-0700 r i97 

ZlVJ.iT.OO J IUUU^OOUtU / UUU^ I 


GJ406 


M6 


Q 


Q 


29 


-|- 


0.01 


I 


08 


-£ 


g 


03 


2 


17 


-j- 


o 


03 


o 


66 


-£ 


0.02 


9M ASS 1091 41 9t1 0^t74^4 

ZlVJ.iT.00 O U^i J.T: J_ZiJ J. IJOiJ 1 rtOrt 


1 HS1 3fi3 


M6 


5 


Q 


23 


-|- 


0.02 


I 


16 


-j- 


g 


05 


2 


36 


-j- 


o 


05 


o 


59 


-£ 


0.03 


9M ASS 10^49008 1 4*37^88 




M6 


5 


o 


25 


-j- 


0.04 


1 


22 


-£ 


o 


16 


2 


31 


-£ 


o 


16 


Q 


29 




0.04 


9A/T A SS 104*3 M fil 9 1 fiOF*.T74 


1 ^77^ *31 


M7 


n 

u 


n 

U 


zo 


EE 


04 


2 


97 


4- 
EE 


n 

u 




2 




4- 
EZ 


n 
u 


1 u 










2MASSJ04402325-0530082 


LP655-48 


M7 








28 




0.05 


1 


21 


± 





08 


1 


50 


± 





09 





51 


± 


0.03 


2MASSJ14563831-2809473 


LHS3003 


M7 








27 




0.03 


1 


30 


± 





07 


1 


68 


± 





08 





51 


± 


0.05 


2MASSJ07410681+1738459 


LHS1937 


M7 








21 




0.04 


1 


11 


± 





07 


1 


51 


± 





08 





51 


± 


0.07 


2MASSJ23312174-2749500 




M7 








24 




0.04 


1 


11 


± 





11 


1 


66 


± 





12 










2MASSJ17571539+7042011 


LP44-162 


M7 


5 










1 


39 


± 





14 


1 


20 


± 





11 










2MASSJ12531240+4034038 


LHS2645 


M7 


5 





25 


i 


0.06 


1 


28 


± 





13 


1 


33 


± 





12 





19 


± 


0.05 


2MASSJ15460540+3749458 




M7 


5 










1 


41 


± 





20 


1 


38 


± 





20 





52 


± 


0.04 


2MASSJ04173745-0800007 




M7 


5 





21 


i 


0.08 


1 


36 


± 





1.5 


1 


31 


± 





17 





53 


± 


0.03 


2MASSJ19165762+0509021 


vBlO 


M8 













1 


19 


± 





14 


1 


61 


± 





15 





18 


± 


0.05 


2MASSJ23494899+1224386 


LP523-55 


M8 
















86 


± 





14 


1 


60 


± 





18 





29 


± 


0.05 


2MASSJ03205965+1854233 


LP412-31 


M8 













1 


45 


± 





07 


1 


51 


± 





07 





36 


± 


0.03 


2MASSJ00275592+2219328 


LP349-25 


M8 













1 


16 


± 





06 


1 


16 


± 





07 





26 


± 


0.02 


2MASSJ18432213+4040209 


LHS3406 


M8 
















98 


± 





21 


1 


75 


± 





28 





19 


± 


0.12 


2MASSJ03510004-0052452 


LHS1604 


M8 













1 


09 


± 





14 


1 


60 


± 





16 










2MASSJ05173766-3349027 




M8 
















93 


± 





11 


1 


65 


± 





11 










2MASSJ22062280-2047058 




M8 













1 


18 


± 





08 


1 


57 


± 





08 





36 


± 


0.05 


2MASSJ02532028+2713332 




M8 













1 


09 


± 





09 


1 


11 


± 





10 










2MASSJ18353790+3259545 




M8 


5 










1 


17 


± 





07 


1 


35 


± 





07 










2MASSJ01400263+2701505 




M8 


5 










1 


23 


± 





20 


1 


35 


± 





20 










2MASSJ01095117-0343264 


LP647-13 


M9 













1 


30 


± 





21 


1 


21 


± 





20 










2MASSJ03505737+1818069 


LP413-53 


M9 













1 


23 


± 





13 


1 


19 


± 





09 










2MASSJ04433761+0002051 




M9 













1 


23 


± 





21 


1 


25 


± 





21 










2MASSJ1733189+463359 




M9 


5 


1 


02 




0.11 


1 


16 


± 





17 


1 


20 


± 





12 
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Table 6. Pseudo-Equivalent Widths of Ti I, Mn I, and Al I 



Object Alt. Name Sp. Type 12832 A 12850 A 12899 A 13123 A 13150 A 



9M ASS TI 91 S^Q^Q-Ll 1 07'^K 


mi 1 5fi 


M5 


Q 


o 


13 




Q 


01 


Q 


92 




Q 


01 


Q 


19 




Q 


02 


I 


15 


-j- 


Q 


04 


o 


72 




0.03 


2M ASS T22081 2^44-1 0^fi420 


RX 12208 2 


M5 


o 


o 


13 


± 


o 


.02 


o 


24 


± 


o 


02 


o 


.56 


± 


o 


04 


I 


.36 


± 


o 


.08 





96 


± 


0.07 


9MASST9' : i'3'340 r i7 91^^9fi 


ijnooy ( u 


M5 


o 


Q 


13 


-|- 


Q 


02 


Q 


23 


-|- 


Q 


02 


Q 


47 


-J- 


Q 


02 


I 


29 




Q 


04 


Q 


76 


-£ 


0.04 


9MASST1fi149<^90 09M00Q 


T Pfi94 ^4 


M5 


Q 


o 


16 


-j- 


Q 


05 


Q 


92 


-j- 


Q 


03 


Q 


18 


-£ 


Q 


01 


I 


25 


-£ 


Q 


09 


o 


81 


-£ 


0.07 


9M A SS T0004 c i7 r i'3 1700^^0 




M5 


u 


n 

u. 


21 


4- 


n 


ft I 


n 

u. 


1 7 


EE 


n 

u. 


09 


n 


1 6 


4- 
-E 


n 

u. 


rn 
uo 




9"i 


4 

EE 


n 


07 


o 
u 


70 
i y 


4- 


0^ 


9MASST000fi4' : i9' : i 07^9147 


n T1 009 

VJX J lUUi 


M5 


5 


Q 


24 




Q 


01 


Q 


19 


-£ 


Q 


05 


o 


47 


-J- 


Q 


09 


I 


34 


-J- 


Q 


\*j 


Q 


90 


-j- 


0.13 


9M A SS T9 ,: i41 ^408-4-441 0407 

ZilVlrt-OOiJ ZiOrt-LUrtc'O T^"±'±J-U^rU 1 


n TQO^ 

Vjx J i)UO 


M6. 


Q 


o 


21 


-J- 


Q 


01 


Q 


18 


-£ 


Q 


01 


Q 


.38 


-£ 


Q 


02 


I 


15 


-£ 


Q 


05 


o 


66 


-j- 


0.04 


9M A SST1 ^944(^0 9R9^m4 


T PSfiO 41 
j_j_r ouir^i 


M6. 


Q 


o 


21 


-J- 


Q 


03 


o 


19 


-£ 


Q 


01 


Q 


■55 


-£ 


Q 


01 


I 


27 


-£ 


Q 


02 


Q 


86 


-£ 


0.02 


9MASST001 ^OQ^I 009^91 




M6 


o 


Q 


17 


-|- 


Q 


03 


Q 


17 


-£ 


Q 


01 


Q 


54 


-J- 


Q 


02 


I 


14 




Q 


05 


o 


71 


-£ 


0.04 


2M ASS Tl 0562886-1-0700527 


140fi 


M6. 


o 


o 


20 


-J- 


o 


.01 


o 


20 


± 


o 


01 


o 


55 


± 


o 


01 


I 


.19 




o 


.03 





68 


± 


0.02 


9M ASS T091 41 9^1 0' : i r i74' : i4 

^IVlrlOOJ I'll 1 UOU 1 'iOrt 


t.ftsi 3R3 


M6. 


5 


Q 


20 


-J- 


Q 


03 


Q 


20 




Q 


01 


Q 


57 




Q 


02 


I 


25 




Q 


03 


o 


73 




0.02 


2M ASR T03542008-1 437388 




M6. 


5 


o 


17 


-J- 


o 


.04 


o 


19 


± 


o 


03 


o 


57 


± 


o 


07 


I 


17 


± 


o 


13 





71 


± 


0.08 


9M ASS T04'? C 11 (i1 9 1fi0fi r i74 


T ^77^ ^1 


M7. 


Q 


Q 


15 


-|- 


Q 


04 


Q 


20 




Q 


03 


o 


19 


-J- 


Q 


06 


I 


25 




Q 


12 


Q 


58 




0.08 


2MASSJ04402325-0530082 


LP655-48 


M7. 








15 


± 





.03 





18 


± 





02 





.59 


± 





01 


1 


.29 


± 





07 





66 


± 


0.05 


2MASSJ14563831-2809473 


LHS3003 


M7. 








15 


± 





.03 





20 


± 





02 





.59 


± 





03 


1 


.26 


± 





.06 





66 


± 


0.04 


2MASSJ07410681+1738459 


LHS1937 


M7. 








16 


± 





.03 





22 


± 





02 





.55 


± 





03 


1 


.26 


± 





.06 





63 


± 


0.04 


2MASSJ23312174-2749500 




M7. 








16 


± 





.02 





20 


± 





03 





.55 


± 





05 


1 


.29 


± 





.09 





55 


± 


0.06 


2MASSJ17571539+7042011 


LP44-162 


M7. 


5 





11 


± 





.02 















.43 


± 





06 


1 


.20 


± 





.11 





61 


± 


0.09 


2MASSJ12531240+4034038 


LHS2645 


M7. 


5 





16 


± 





.02 





15 


± 





03 





,58 


± 





06 


1 


.33 


± 





.11 





65 


± 


0.08 


2MASSJ15460540+3749458 




M7. 


5 





19 


± 





.01 





15 


± 





01 





.52 


± 





08 


1 


,15 


± 





.16 





61 


± 


0.12 


2MASSJ04173745-0800007 




M7. 


5 





16 


± 





.04 





13 


± 





03 





.57 


± 





08 


1 


.23 


± 





.13 





68 


± 


0.09 


2MASSJ19165762+0509021 


vBlO 


M8. 








11 


± 





.01 





17 


± 





03 





.57 


± 





07 


1 


,28 


± 





.12 





55 


± 


0.09 


2MASSJ23494899+1224386 


LP523-55 


M8. 


















18 


± 





03 





.69 


± 





07 


1 


.12 


± 





.12 





65 


± 


0.09 


2MASSJ03205965+1854233 


LP412-31 


M8. 








15 


± 





.03 





11 


± 





01 





.59 


± 





01 


1 


,25 


± 





.06 





61 


± 


0.04 


2MASSJ00275592+2219328 


LP349-25 


M8. 




























.46 


± 





03 





.99 


± 





.05 





50 


± 


0.04 


2MASSJ18432213+4040209 


LHS3406 


M8. 








16 


± 





.04 





16 


± 





06 





.61 


± 





13 


1 


.41 


± 





.20 





67 


± 


0.16 


2MASSJ03510004-0052452 


LHS1604 


M8. 


















17 


± 





03 





.61 


± 





07 


1 


.19 


± 





.12 





66 


± 


0.08 


2MASSJ05173766-3349027 




M8. 








12 


± 





.03 





12 


± 





05 





.51 


± 





05 





,97 


± 





.09 





53 


± 


0.06 


2MASSJ22062280-2047058 




M8. 








12 


± 





.02 





15 


± 





02 





.57 


± 





04 


1 


17 


± 





.06 





61 


± 


0.05 


2MASSJ02532028+2713332 




M8. 


















15 


± 





01 





.57 


± 





01 


1 


.19 


± 





07 





49 


± 


0.10 


2MASSJ18353790+3259545 




M8. 


5 





07 


± 





.01 















.50 


± 





03 


1 


.01 


± 





.04 










2MASSJ01400263+2701505 




M8. 


5 





17 


± 





.02 





18 


± 





04 





.51 


± 





10 


1 


,27 


± 





10 





61 


± 


0.10 


2MASSJ01095117-0343264 


LP647-13 


M9, 








11 


± 





.03 





11 


± 





03 





60 


± 





08 


1 


.02 


± 





.13 





56 


± 


0.10 


2MASSJ03505737+1818069 


LP413-53 


M9, 








16 


± 





.04 





13 


± 





03 





.57 


± 





01 


1 


.13 


± 





10 





67 


± 


0.08 


2MASSJ04433761+0002051 




M9. 








18 


± 





.09 





13 


± 





04 





11 


± 





10 





.99 


± 





17 





50 


± 


0.13 


2MASSJ1733189+463359 




M9, 


5 





10 


± 





.09 





11 


± 





01 





56 


± 





08 


1 


.01 


± 





.13 





30 


± 


0.10 
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Table 7: Relations between p-EW and SpT 



Wavelength 




y = mx+b 




A 


Element 


m (A /SpT) 


b(A) 


11690 


K I 


0.992 ± 0.062 


-3.026 ± 0.440 


11771 


K I 


1.265 ± 0.047 


-3.256 ± 0.326 


11886 


Fe I 


0.033 ± 0.022 


0.919 ± 0.075 


11976 


Fe I 


0.094 ± 0.026 


0.634 ± 0.090 


12435 


K I 


0.698 ± 0.084 


-1.957 ± 0.599 


12522 


K I 


0.856 ± 0.064 


-2.538 ± 0.447 


12682 


Na I 


-0.077 ± 0.020 


1.208 ± 0.064 


12832 


Ti I 


-0.021 ± 0.001 


0.321 ± 0.017 


12850 


Ti I 


-0.021 ± 0.003 


0.314 ± 0.010 


12900 


Mn I 


0.015 ± 0.010 


0.435 ± 0.030 


13127 


Al I 


-0.039 ± 0.014 


1.461 ± 0.047 


13150 


Al I 


-0.054 ± 0.010 


0.850 ± 0.034 
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Spectral Type 



Fig. 1. — Distribution of our targets by sub-spectral types. The emphasis of late-M dwarfs in this 
study is visible through a large number of M8.0 targets. 
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N1RSPEC M5.0 - M9.5 centered at 1 1690 A 



NIRSPEC M5.0 - M9.5 centered at 1 1890 A 





11660 11680 11700 11720 11740 11760 11780 
Wavelength (A) 



11840 11860 11880 11900 11920 11940 11960 
Wavelength (A) 



M5.0 
MS.5 
M6.0 
M6.5 
M7.0 

M7.5 
M8.0 
MS.5 
M9.0 
M9.5 



NIRSPEC M5.0 - M9.5 centered at 12520 A 



NIRSPEC M5.0 - M9.5 centered at 12680 A 





12420 12440 12460 12480 12500_ 12520 12540 12560 
Wavelength (A) 

NIRSPEC M5.0 - M9.5 centered at 12900 A 
Ti I Ti I Mn I Order 59 



M5.ll 
M5.5 
M6.0 
M6.5 
M7.0 

M7.5 
MS. II 
MS.5 
M9.0 
M9.5 




^vV^v^r^V^ v ^ A,v ^ jVW, v ,Jr ^ A/ ^^ M7.0 
rvy t ^*VVy\VV^AV J, '^^SAA^^AA/^^ M7.5 

Kfyvv^v^^\^v^v\r / ^v^™v^ w ^YV^ M8.0 



12620 12640 12660 12680 12700 12720 12740 12760 12780 
Wavelength (A) 



NIRSPEC M5.0 - M9.5 centered at 13123 A 




M5.n 
M5.5 
M6.0 
M6.5 
M7.ll 

M7.5 
MS.n 
MS.5 
M9.0 
M9.5 



1 2820 1 2840 



12900 12920 12940 12960 12980 13000 

Wavelength (A) 



13040 13060 13080 13100 13120 13140 _ 13160 13180 13200 13220 
Wavelength (A) 



Fig. 2.— Spectral sequence of our sample. The targets are GJ1156 (M5.0), GJ1002 (M5.5), GJ905 
(M6.0), LHS1363 (M6.5), LHS3003 (M7.0), 2M0417-0800 (M7.5), vBlO (M8.0), 2M0140+2701 
(M8.5), 2M0443+0002 (M9.0), 2M1733+4633 (M9.5). Each panel corresponds to a NIRSPEC 
echelle order. The spectra are normalized to unity and are offset by a constant. Each spectrum 
is shifted and centered at a specified wavelength. Each spectra is identified by its target. The 
absorption lines are indicated by the dashed lines. 




Fig. 3. — Comparison of absolute radial velocities (left panel), projected rotational velocities (right 
panel) and their associated residuals (bottom panels) using GJ406 and vBlO as templates. 
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Fig. 4. — Comparison of absolute radial velocities (right panel), projected rotational velocities (left 
panel) and their associated residuals (bottom panels) with those in the literature. 
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Fig. 5. — Plot of K I lines in the spectra of M dwarfs. The top two panels are the K I lines in 
order 6 5 while the bo t tom t wo are from order 61. Here we compare our work (open circle) with 
that of ICushing et al.l (120051 ) (filled diamond, moved to the right by 0.1 spectral type for clarity). 
The line fitting these points is a linear regression whose equation is listed in Table 6. We find that 
our results are consistent with those in literature. 
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Fig. 6. — The top two panels in this figure are the Fe I obser ved in order 64 . The top panel (Fe I at 
11890 A) also compares our work (open circle) with that of ICushing et al.l (|2005l ) (filled diamond, 
moved to the right by 0.1 spectral type for clarity). Our results agree well within the errors. The 
bottom plot shows a weak Al I lines from order 58. We note that Fe I (11886 A) and Mn I (12900 
A) show little variation with spectral type. The line fitting these points is a linear regression whose 
equation is listed in Table 7. 
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Fig. 7. — This figure shows a collection of weak lines in M dwarf spectra. The legend in this figure 
is the same as in figure 6. The line fitting these points is a linear regression whose equation is listed 
in Table 7. Na I after M8.0 is not observed in the spectra as it is weak and therefore drowned by 
the noise. Therefore, the p-EW measurements plotted past M8.0 for Na I have large uncertainties. 



